Yg.l!tztrk.e was 44 for Lactobacillus plantarum grown aerobically in defined medium containing I to 6 pmol galactose/ml. Nevertheless, 93 % of the galactose was converted to acetate, and the Y-4TP was 11.3. Yields were not appreciably less if 0.5 % acetate or 1.0 x I O -~ M arsenite was added to the medium, but they were considerably lower if riboflavin was omitted. Lactobacillusplantarum, subsequent to converting low concentrations of hexose to pyruvate by the Embden-MeyerhofParnas pathway, can apparently gain, under aerobic conditions, approximately two additional mol ATP/mol hexose by converting most of the pyruvate to acetate. Lipoic acid and coenzyme A were not involved in the production of acetate; riboflavin was involved in the utilization of oxygen as an electron acceptor.
I N T R O D U C T I O N
Molar growth yields and end-products produced from limiting concentrations of glucose or galactose were determined for five species of Lactobacillus, including L. plantarurn, by Dirar & Collins (1972) . Yglucose values for deep cultures of lactobacilli in a defined medium varied from 20 to 33.0. Ygalactose values for L. plantarum were 25-7 to 33.7 for deep cultures in the defined medium and 32.5 for an anaerobic culture in a complex medium. The higher yields were obtained with substrate concentrations less than 6pmol/ml. Yet each of the species produced acetate, and YATP values corrected for the energy gained from conversion of pyruvate to acetate were 10.0 to 10.9, close to 10.5, proposed as a standard value by Bauchop & Elsden (1960) .
Two mechanisms for converting pyruvate to acetate without formate production have been reported for lactic acid bacteria, each yielding one mol ATP/mol pyruvate. One involves lipoic acid and coenzyme A (CoA) and has been studied extensively with Streptococcus faecalis (O'Kane & Gunsalus, 1948; O'Kane, 1950; Gunsalus, Dolin & Struglia, 1952) . Acetyl-CoA is formed as an intermediate and converted to acetate via acetyl-phosphate. In the other mechanism, reported for Lactobacillus delbrueckii (Hager, Geller & Lipmann, I954) , acetyl-phosphate is formed from pyruvate without involving lipoic acid or CoA. This paper reports on the mechanism used by Lactobacillus plantarum for converting pyruvate to acetate and data on its aerobic utilization of low concentrations of galactose. L. plantarum and galactose were selected for study because this organism is typically homofermentative and does not exhibit the lytic phenomenon when grown on galactose rather than glucose (Dirar & Collins, 1972 
M E T H O D S
Organism and preparation of inocula. Lactobacillus plantarum ATCC 8014 was grown at 30 "C in the basal medium with galactose added. Bacteria in the exponential phase of growth were harvested by filtering with a Sartorius filter (pore size, 0.45 pm), washed twice with basal medium (without galactose), and suspended in basal medium.
Medium. The basal medium was the defined medium of Henderson & Snell (1948) as modified by Oxenburgh & Snowswell (1965) , except that we used salts B (MacLeod & Snell, 1947) instead of salts C. The medium was adjusted to pH 6.8 & 0.1 and sterilized by autoclaving. Galactose solutions were sterilized by filtering with a microporous porcelain filter (no. VFA-54-03 ; Selas Flotronics, Springhouse, Pennsylvania, U.S.A.) and added aseptically.
Cultivation methods. Yields were determined in roo ml medium in 250 ml Erlenmeyer flasks at 30 "C in a G 76 gyratory water-bath shaker (New Brunswick Scientific Co., New Brunswick, New Jersey, U.S.A.). The agitation rate was 120 rev./min. Deep culture conditions were those described by Dirar & Collins (1972) .
Growth and yield measurements. Growth was followed by measuring extinction, E, at 600 nm with a Beckman spectrophotometer, model DB, with I cm cuvettes. Each reported molar growth yield was taken from a curve constructed from data obtained with several limiting concentrations of galactose. Bacterial mass was determined from a standard curve relating E to dry wt. E corresponding to I mg dry wt/ml was 4.00. Bacteria, grown in the basal medium containing 10 to 12 pmol galactose/ml, were harvested at maximal E by centrifugation at 800g at 4 "C and washed three times in volumes of de-ionized distilled water equal to that of the original medium. Different amounts of washed bacteria were suspended in distilled water, determinations of E were made (with distilled water as the internal standard), 50 ml of each dilution was placed in a pre-weighed aluminium dish and dried to constant weight at 105 "C, and E values were plotted against dry weights. Dry weights were also determined gravimetrically in some experiments and found not to differ from those determined by the usual procedure.
Analytical methods. Lactic acid was determined by the colorimetric method of Barker & Summerson (I 941). Ethanol was determined by alcohol Stat Pack (Worthington Biochemical Corporation, Freehold, New Jersey, U.S.A.). Total volatile acids were determined by the procedure of Neish (rg50), formate by the method of Wood & Gest (1g57), and acetate by subtracting formate from total volatile acids. Distillations and titrations were performed with continuous nitrogen sparging.
R E S U L T S
Aerobic yields and end-products Lactobacillus plantarum did not grow in the defined medium in absence of galactose.
With I to 6 pmol galactose/ml, the Ygdactose value (Table I ) was about 50 % higher than those reported by Dirar & Collins (1972) for a deep culture in the defined medium (30.0) and an anaerobic culture in complex medium (32 '5) . Carbon recovery, calculated from end-products and assuming production of C 0 2 equalled production of acetate, was good (101 %). Though 93 % of the galactose was converted to acetate, the resulting YATP value was I I '3, only slightly above the values found by Dirar & Collins (1972) . Addition of catalase to decompose any hydrogen peroxide that might be produced had little effect on the results, and it was apparent that the production of hydrogen peroxide by L. planta~um while growing on the low concentrations of galactose was negligible or absent, substantiating the results * The defined medium contained I to 6 pmol galactose/ml. Lactobacillus piantarurn did not grow in the -f Not including COz.
Galactose utilization by L. plantarum
Mol lactate/mol galactose+ 2 (mol acetate/mol galactose).
of Fukui (1961) and Mizushima & Kitahara (1964) . Neither formate nor ethanol was found in these cultures or in any of those reported on below. (Table I) , and it was apparent that the production of acetate by the organism had not been decreased.
Yields not influenced by added acetate

Yields not influenced by added arsenite
The influence of arsenite, a specific inhibitor of lipoic acid (Losada & Arnon, 1963) , on molar growth yields was tested. Sodium arsenite ( I O -~ M) prevented growth of Lactobacillus plantarum, but I O -~ M, the concentration found by Hager et al. (1954) to give 95 % inhibition of pyruvate oxidation by Streptococcus faecalis, decreased the molar growth yield only slightly ( Table I ), indicating that lipoic acid was not involved in the production of acetate. Results determined under deep culture conditions were similar except that more lactate and less acetate were produced. Approximately equal amounts of acetate and lactate were produced and Ygalactose values were the same with or without ~o -~w a r s e n i t e added to the medium.
Yields influenced by omission of riboflavin Omission of riboflavin (I ,ug/ml), which enhances the 'dismutation of pyruvate to lactate and acetyl-phosphate by Lactobacillus delbrueckii (Hager et al. 1954) , had no effect under deep culture conditions on yield of Lactobacillus plantarum or on the amounts of acetate and lactate produced. The amounts of acetate and lactate were approximately equal, indicative of dismutation (Hager et al. 1954) . However, under aerobic conditions, omission of riboflavin from the defined medium influenced yield and end-products (Table I) . Less acetate and more lactate were produced, and Ygalactose was only slightly greater than 32.5, the Ygalilctose value found for the organism growing anaerobically (Dirar & Collins, 1972) .
H. D I R A R A N D E. B. C O L L I N S D I S C U S S I O N
Lactic acid bacteria theoretically should be able to gain 4 mol ATP/mol hexose fermented, using the Embden-Meyerhof-Parnas (EMP) pathway and converting the pyruvate produced to acetate rather than lactate, except that they require some pyruvate for the synthesis of acetyl-CoA and normally incorporate about 3 % of the growth-limiting hexose fermented into cellular materials (Bauchop & Elsden, 1960; Harvey & Collins, 1963; Dirar & Collins, I 972) . Lactobacillus plantarum, when grown under partial anaerobic conditions (as deep cultures) in a defined medium containing 6 to 17 pmol or I to 6 pmol galactose/ml, converted 82 or 58 %, respectively, of the galactose to lactate and gained 2.51 or 2.98 mol ATP/mol galactose (Dirar & Collins, 1972) . Greater lactate production at the higher range of galactose concentrations probably resulted from a higher intracellular concentration of fructose-I ,6-diphosphate, reported by Wolin ( I 964), Anders, Jonas & Sago (I 970), deVries, Kapteijn, van der Beek & Stouthamer (1970), and Brown & Whittenberger (1972) to stimulate the activity of lactate dehydrogenases. However, when the organism was grown under aerobic conditions in the defined medium containing only I to 6,umol galactose/ml, it converted 93 % of the galactose to acetate (only 7 % to lactate) and gained 3-9 mol ATP/mol hexose.
Lactobacillusplantarum apparently did not involve lipoic acid in the production of acetate, and acetate was produced by a mechanism similar to that reported for L. delbrueckii (Hager et a/. 1954) . Nevertheless, L. plantarum and four other species of Lactobacillus (Dirar & Collins, 1972) grew on glucose or galactose in the defined medium which contained no lipoic acid or acetate. (Growth of Streptococcus diacetilactis or S. cremoris in the medium requires addition of acetate or lipoic acid.) HowL. plantarum synthesizes sufficient acetyl-CoA for the initiation of growth in the absence of added lipoic acid or acetate is not known. We suspect that this organism, similar to S . faecalis (Johnson & Collins, I973) , synthesizes sufficient lipoic acid for the initiation of growth, particularly since I O -~ M-arsenite prevented its growth. Another possibility is that the organism first produces some acetate and then synthesizes acetyl-CoA from the acetate by means of acetate kinase and phosphotransacetylase (Jones, Black, Flynn & Lipmann, 1953) .
Lactobacillus plantarum, when grown on low concentrations of galactose (I to 6 ,umol/ml) under anaerobic or aerobic conditions, converts galactose to pyruvate by the EMP pathway and thereby gains two mol ATP/mol hexose fermented. Subsequently, the organism gains additional ATP by forming acetate from part of the pyruvate if the conditions are anaerobic (Dirar & Collins, 1g72) , or approximately two additional mol ATP/mol hexose by converting most of the pyruvate to acetate if the conditions are aerobic and riboflavin is present. Riboflavin apparently was involved in the transfer of electrons to oxygen, and use of oxygen rather than pyruvate as terminal hydrogen acceptor explains our finding this homofermentative species of Lactobacillus to produce acetate from 93 % of the pyruvate produced from the low concentrations of galactose.
